Abstract Resistance to endocrine therapy agents has presented a clinical obstacle in the treatment of hormonedependent breast cancer. Our laboratory has initiated a study of microRNA regulation of signaling pathways that may result in breast cancer progression on aromatase inhibitors (AI). Microarray analysis of hormone refractory cell lines identified 115 differentially regulated microRNAs, of which 49 microRNAs were believed to be hormone-responsive.
Introduction
Approximately 70% of breast cancers are hormone-dependent diseases. ER is critical in mediating estrogen-dependent transcription of genes involved in cell survival and proliferation of breast cancer cells [1, 2] . In addition, aromatase is a cytochrome P450 enzyme that is responsible for the production of estrogen from an androgen substrate, which further drives breast cancer progression [3, 4] . Endocrine therapy agents have been developed to target hormone-dependent signaling pathways, either by antagonizing ER through the use of tamoxifen, or by inhibiting estrogen synthesis via aromatase inhibitors (AI) letrozole, anastrozole, and exemestane. Endocrine therapy agents have shown excellent clinical efficacy [5] [6] [7] [8] , though the main hindrance with these agents is the development of acquired resistance and consequent loss of regulated growth. Previous studies addressing resistance to tamoxifen and AIs have implicated heightened cross talk between growth factor and ER signaling pathways [9] [10] [11] [12] , resulting in activated ER signaling without the need for hormone [13, 14] . This study utilizes a microarray approach to further investigate novel signaling pathways regulated by microRNAs (miRNAs), and the resulting effects on growth of AI-resistant breast cancer cell lines.
MicroRNAs are noncoding RNAs whose mature products are small single-stranded species that range between 21 and 22 nucleotides in length [15] . MicroRNAs play critical roles in gene silencing. Binding of microRNAs to their target genes occurs either by perfect match or mismatch base pairing to complementary sequences within the 3 0 untranslated region (UTR), resulting in mRNA degradation [16, 17] or translational repression [18] [19] [20] . In terms of cancer progression, microRNAs can function as oncomiRs or tumor suppressors by regulating apoptotic factors [21] , Ras [22] , E2F1 [23] , and factors involved in metastasis [24, 25] .
The transforming growth factor beta (TGFb) family encompasses a large network of polypeptide growth factors. The effects of TGFb ligands are propagated by transmembrane serine/threonine receptor TGFbRII which recruits and activates TGFbRI [26] . TGFbRI is responsible for initiating downstream signaling cascades that are mediated by SMAD transcription factors (SMADs 2, 3, and 4), which form a complex and bind DNA to activate transcription of TGFb-responsive genes [27, 28] . TGFb has been suggested to enhance tumor cell migration, as overexpression of TGFbI or TGFbRI in murine mammary glands can promote metastatic potential of breast tumors [29, 30] . In contrast, TGFb signaling has also been reported to inhibit growth of epithelial cells [31] , and a hormoneindependent variant of MCF-7 cells was reported to lose sensitivity to TGFb [32] . These data suggest that TGFb can inhibit and promote breast cancer progression. To date, the TGFb signaling pathway has not been reported to play a role in AI-resistance, though studies have suggested differing roles for TGFb in tamoxifen-resistance in vivo and in vitro [33, 34] .
We previously carried out affymetrix microarray analysis to elucidate gene expression profiles associated with endocrine therapy resistant breast cancer cell lines [13] . To further address changes beyond gene expression, our laboratory investigated post-transcriptional microRNA regulation of signaling pathways which could exacerbate AI-resistance. Microarray analysis was performed to determine differential expression patterns of microRNAs in the parental MCF-7aro breast cancer cells versus derivative resistant cell lines. This analysis identified a role for human miR-128a in the negative regulation of TGFbRI expression, resulting in loss of sensitivity to the growth inhibitory effects of TGFb in letrozole-resistant breast cancer cells.
Materials and methods

Cell culture and resistant cell line generation
The human breast cancer epithelial cell line MCF-7 was stably transfected to overexpress the aromatase gene (MCF-7aro), and previously reported by our laboratory [35] . MCF-7aro cells were maintained as previously described [13] . In addition to the parental cell line, the testosterone-only (T-only) cells were generated as a hormone-only control, where T was converted to 17b-estradiol (E2) by the expressed aromatase. Cells resistant to all three AIs, letrozole, anastrozole, and exemestane were referred to as T ? LET R, T ? ANA R, and T ? EXE R, respectively. The tamoxifen-resistant (T ? TAM R) cells and long-term estrogen deprived (LTEDaro) lines were also generated for comparison to the AI-resistant cell lines. MCF-7aro and derivative resistant cells were previously characterized by our laboratory [13] .
MicroRNA microarray analysis
Microarray analysis was performed using the Agilent human miRNA microarray chips, 8 9 15K format. For microarray analysis, 100 ng total RNA was used for Cy3 labeling and hybridization to Agilent miRNA array chips. The Agilent scanner and Feature Extraction (FE) software was used for data collection subsequent to sample hybridization. Data analysis was performed using Partek Genomics Suite, version 6.4. Background correction, quantile normalization, and data summary were generated using Robust Multichip Average (RMA) normalization. For all data analyses, parental MCF-7aro cells were considered as baseline and fold-change of microRNAs from all other cell lines were compared relative to the control cells. One-way ANOVA analysis, using treatment as a parameter, was performed to select 115 significant microRNAs based on a false discovery rate (FDR) of less than 1% (P value equivalent to 0.003). For hierarchical clustering analysis, average linkage with Pearson's dissimilarity was applied for data visualization. Prediction software to identify microRNA target genes included TargetScan (version 5.0) and miRBase Targets (version 5.0) available through the Sanger database. Gene targets identified by TargetScan and miRBase were subsequently loaded into GeneSpring 10 to identify which signaling pathways are predominantly regulated by microRNAs.
cDNA synthesis and quantitative real-time PCR analysis For detection of microRNAs, the miScript reverse transcription kit was used from Qiagen (Valencia, CA), according to manufacturer's protocol. SYBR green reagent for microRNA detection was obtained from Qiagen, and real-time PCR analysis was carried out according to the exact manufacturer's recommendations. For detection of mRNA levels (and not small RNA species), 5 lg of total RNA was used for reverse transcription, as previously described [13] . The following primers were used for transcript detection: U6 forward primer ( 
Luciferase reporter assays
To assess TGFb1 response, parental and T ? LET R lines were transfected with a SMAD luciferase reporter in 12-well plates, at a cell density of 1.2 9 10 5 cells/well. Cells were seeded overnight and subsequently transfected with 0.3 lg pGL3-CAGA 12 lux SMAD luciferase reporter plasmid, using Lipofectamine 2000 transfection reagent (Invitrogen, Carlsbad, CA), according to manufacturer's protocol. For transfection control purposes, the pRL-CMV renilla reporter was co-transfected with the SMAD luciferase reporter. After 5 h, OptiMEM (Invitrogen, Carlsbad, CA) transfection medium was replaced with CD FBS MEM and supplemented with 1 ng/ml TGFb1 for 8 h, in the absence of hormone. For reverse transfection with the microRNA mimic, siPORT Neofx (Ambion, Foster City, CA) transfection agent was mixed with the microRNA (100 nM) and 0.1 lg WT-128a-bR1/psiCheck or MT128a-bR1/psiCheck luciferase reporter vectors and overlaid with 1.2 9 10 5 cells/12-well. Reverse transfection was allowed to proceed for 24 h and media was changed to CD FBS MEM for 3 days post transfection. The Dual Luciferase Assay System (Promega, Madison, WI) was used to read both firefly and renilla luciferase activities, with three independent experiments performed.
Western blotting analysis
For TGFb1 responsive western analysis, cells were serum starved overnight and treated with 1-2 ng/ml TGFb1 in serum-free MEM for 15-30 min. For the microRNA mimic effect by western, microRNAs (100 nM) were reverse transfected with siPORT Neofx, according to the manufacturer's protocol, using 4.8 9 10
5 cells/60 mm dish. Post transfection, cells were allowed to recover in CD FBS MEM for 3 days before harvesting. Western analysis was performed as previously described [13] . Membranes were blocked for 2 h in 5% nonfat milk and probed with primary antibody overnight at 4°C. The following antibodies were used for western blotting: phospho-SMAD2 (Ser465/467), total SMAD 2/3 (Cell Signaling, Danvers, MA), total TGFbR1 (V-22), and b-actin (Santa Cruz Biotechnology, Santa Cruz, CA).
Results
MicroRNA microarray analysis
A similarity matrix was used to compare microRNA expression using correlation coefficients calculated for each microRNA (Fig. 1a) . Expressions of microRNAs found in clusters A, B, and C were more closely correlated to each other than with cluster D, though A-C did inherently differ, as indicated by the branching dendrograms. To further filter significant microRNAs, 1-way ANOVA analysis identified 115 microRNAs as significantly expressed in the resistant cells, using MCF-7aro cells for baseline transformation (Fig. 1b) . Biological replicates were shown horizontally and based on the heat map dendrogram, all AI-resistant cells clustered separately from the control MCF-7aro cells, LTEDaro, and T ? TAM R lines. In addition, microRNAs within each cluster of the heat map highly correlated with clusters A, B, and C from the similarity matrix in Fig. 1a , as indicated. The heat map in (Table S1) .
Of these 115 significant microRNAs, 49 microRNAs were identified as hormone-responsive based on the criteria that their expression was up-regulated in the T-only lines and inversely regulated in both MCF-7aro cells and LTEDaro lines (Fig. 2a) . The E2-induced expression of several microRNAs, including members of the miR-17-92 cluster, was confirmed by real-time PCR analysis. Similar to the microarray data, the expression of miR-18b, miR-141, miR-128a, and miR-17-3p were up-regulated in the T-Only lines and down-regulated in the parental MCF7aro and LTEDaro lines. The expression of miR-17-3p detected by real-time PCR analysis is shown as representative data (Fig. 2b) . Likewise, the expression of these microRNAs was induced upon hormone treatment (T or E2) and diminished in the presence of T plus letrozole in the parental MCF-7aro cells (Fig. 2c) .
To further investigate microRNA regulation of signaling pathways involved in AI-resistance, additional analysis was performed to discern microRNAs differentially regulated in these lines. Selection of microRNAs differentially expressed in resistant cells was based on fold-change criteria from the 115 significant microRNAs previously identified in Fig. 1b . It would be expected that microRNAs that are hormone up-regulated in the T-only lines would be down-regulated in the presence of letrozole. Yet, in the T ? LET R lines, letrozole does not down-regulate expression of several microRNAs, suggesting a role in resistance. Based on this analysis, 12 microRNAs were found to be up-regulated (1.2 fold) selectively in the T ? LET R lines ( Fig. 3a ; Table S1 ). In addition, 2 microRNAs were up-regulated in the T ? ANA R lines and slightly up-regulated in the T ? LET R cells (miR-425-3p and miR-191), while 2 microRNAs were up-regulated selectively in the T ? ANA R lines (miR-23b and miR-24) (Table S1 ). This analysis demonstrated inherent differences in microRNA expression profiles between the T ? LET R and T ? ANA R AI-resistant lines.
The microRNAs identified as significantly up-regulated in the letrozole-resistant lines were further analyzed for meaningful predicted targets, using TargetScan and miRBase. TGFb signaling was found to be highly targeted by hsa-miR-128a, which was significantly up-regulated in the T ? LET R lines specifically. Our interests were subsequently focused on miR-128a because it is predicted to target both TGFbR1 and SMAD2. Expression levels of miR-128a were confirmed by real-time PCR and in comparison to MCF-7aro and LTEDaro lines, miR-128a was up-regulated in the T-Only as well as T ? LET R cells (Fig. 3b) . The expression of miR-128a was not Fig. 1 MicroRNA microarray analysis of the AI, LTEDaro and tamoxifen-resistant cell lines. a Partek Genomics Suite was used to generate the similarity matrix plot that compared expression of 342 RMA normalized microRNAs. Correlation coefficients were calculated using a linear Pearson correlation algorithm and visualized with red and green indicating high (0.9) and low (0.3) correlation, respectively. Unique clusters of microRNAs that share similar expression patterns are labeled A, B, C, and D. b Hierarchical clustering (Pearson's dissimilarity algorithm) and heat map analysis of 115 significant microRNAs was based on 1-way ANOVA analysis, in comparison to the parental MCF-7aro cells. The false discovery rate (FDR) was set to 1%, with a corresponding P value of 0.003. Clusters A, B and C corresponded with microRNA clusters visualized with the similarity matrix (Fig. 1a) , as labeled on the top dendrogram. Biological replicates were shown horizontally and individual microRNAs were clustered vertically, with red indicating up-regulation and green representing down-regulated microRNA expression, according to the color legend significantly up-regulated in the other resistant cell lines, including the T ? ANA R lines, suggesting functional specificity of miR-128a in letrozole-resistance. Also, miR-128a appeared to be up-regulated by hormone, as its expression was inversely regulated in the parental MCF-7aro cells and the hormone-free LTEDaro lines (Figs. 2a, 3b) .
Loss of TGFb signaling in the T ? LET R lines:
The anti-proliferative effects of TGFb were investigated using cell proliferation assays to determine if this growth factor could delay the growth of the resistant cells. Doseresponse studies were carried out, and though the parental MCF-7aro cells were sensitive to TGFb1 and demonstrated a dose-dependent decrease in proliferation (Fig. 4a) , the viability of the T ? LET R lines was unaffected by TGFb1 treatment (Fig. 4b) . A previous study using hormoneindependent MCF-7 cells reported a similar loss of sensitivity to TGFb [32] . Luciferase assays were performed using a SMAD reporter (pGL3-CAGA 12 lux) that contains 12 tandem copies of the consensus SMAD 2/3 binding sequence (CAGA). Transient transfection of pGL3-CAGA 12 lux reporter resulted in TGFb1-mediated increase in luciferase activity in the parental MCF-7aro cells, as compared to media treated cells (Fig. 4c) . In contrast, the T ? LET R lines completely lost sensitivity to TGFb1 treatment by luciferase reporter assays (Fig. 4c) .
Western analysis was performed to look at endogenous protein levels of TGFb signaling pathway members. Based on microRNA target prediction software, TGFbR1 and SMAD2 were believed to be targets of miR-128a. Western analysis demonstrated that expression of endogenous TGFbR1 was decreased in the T ? LET R lines versus the parental MCF-7aro cells (Fig. 4d) . Though SMAD2 is a predicted target of miR-128a, endogenous protein levels of total SMAD2 were unchanged between the MCF-7aro and T ? LET R lines (Fig. 4e) . Activation of downstream factors such as SMADs is critical in mediating TGFb signaling. Using western blot analysis, levels of phospho-SMAD2 were determined in response to TGFb1 treatment. Consistent with previous results, phospho-SMAD2 levels were increased by TGFb1 treatment after 15-30 min in the MCF-7aro cells, but in the T ? LET R lines, activated SMAD2 could not be detected (Fig. 4e) . Total protein levels of SMAD2 remained unchanged.
miR-128a Targets TGFbR1 in the T ? LET R lines
Based on target prediction software, miR-128a was found to regulate SMAD2 and TGFbR1 expression. To identify which targets were regulated by miR-128a, the nontargeting negative control (NC) RNA or pre-miR-128a gain-offunction mimic was transfected into the T ? LET R lines, and RT-PCR and western analysis were carried out to determine resulting expression of TGFbR1 and SMAD2. In comparison to the NC transfected cells, pre-miR-128a transfection dramatically increased miR-128a expression (Fig. 5a ). Subsequent western analysis after microRNA transfection demonstrated that pre-miR-128a did decrease protein levels of TGFbR1, but not SMAD2 (Fig. 5c ). In addition, though miR-128a did decrease protein levels of TGFbR1, the mRNA levels of TGFbR1 remained unchanged (Fig. 5b) , as the binding site of miR-128a to the 3 0 UTR of TGFbR1 gene is an imperfect match. TGFbR1 is potentially a target of miR-128a in the T ? LET R lines. To further investigate this regulation, the miR-128a target seed sequence within the 3 0 UTR of the TGFbR1 gene (5 0 -CACTGTGA-3 0 ) was cloned into the psiCheck luciferase reporter vector. This miR-128a 8-mer target sequence was also mutated at 4 bases where G became C, T became A and so on (5 0 -CACTCACT-3 0 ) and inserted into the psiCheck luciferase reporter. Transient transfection of the WT/psiCheck luciferase reporter vector resulted in significantly decreased luciferase activity in the presence of pre-miR-128a, in comparison to the NC transfected cells (Fig. 5d, e) . This decreased luciferase response was observed both in the parental MCF-7aro cells (5d) as well as the T ? LET R lines (5e), as the microRNA was overexpressed using the pre-miR-128a mimic. In contrast, transfection of the MT/psiCheck luciferase construct did not result in a loss of luciferase activity, as compared to the NC transfected cells (Fig. 5d, e) . These results further confirm the role of miR-128a in regulating TGFbR1 expression, a process which is mediated by a target binding sequence within the 3 0 UTR of TGFbR1. Human miR-128a post-transcriptionally targeted TGFbR1. As a functional consequence of this antagonism, the question was asked whether inhibiting miR-128a would then sensitize the T ? LET R cells to the growth inhibitory effect of TGFb1. To confirm that anti-miR-128a did effectively knock down endogenous miR-128a expression in the T ? LET R lines, total RNA was harvested and used for real-time PCR analysis. Compared to the NC transfected cells, expression of miR-128a was successfully decreased in the anti-miR-128a inhibitor transfected T ? LET R lines (Fig. 6a) . The mRNA levels of TGFbR1 were not significantly changed between the NC versus antimiR-128a transfected T ? LET R cells (Fig. 6b) . Transfection of 10, 30, and 50 nM anti-miR-128a dose-dependently inhibited proliferation of the T ? LET R lines in the presence of TGFb1 (Fig. 6c) . Anti-miR-128a had no dosedependent effect on parental MCF-7aro cells. In addition, transfection of another microRNA inhibitor anti-miR-17-5p, which is predicted to target TGFbRII, had no effect on proliferation of T ? LET R or MCF-7aro cells (data not shown). These results suggest that inhibiting miR-128a can sensitize the T ? LET R lines to TGFb1-mediated growth inhibition. 
Discussion
The lack of clinical cross-resistance among the three AIs and tamoxifen has been observed [36] , indicating that resistance mechanisms to these endocrine therapy agents are not exactly identical. Our laboratory generated cell lines that have acquired resistance to tamoxifen or each AI [13, 37] , and these cells are responsive to second-line inhibitor treatment. These results indicate that our resistant cell lines are valuable tools to study the mechanisms of endocrine resistance, and gene expression profiling of these resistant cells identified unique gene expression signatures [13] .
Our laboratory has identified a novel role for hsa-miR128a in the post-transcriptional regulation of TGFbR1 expression in the T ? LET R lines. Based on microarray analysis of microRNA expression, 115 microRNAs were shown to have significant differential expression between the parental MCF-7aro and derivative endocrine therapy resistant cells. As expected, microRNA expression between the AI-resistant lines versus LTEDaro and tamoxifenresistant cells greatly differed (Fig. 1b) . Hierarchical clustering of microRNA expression in Fig. 1b was used to identify a group of microRNAs selectively down-regulated in all AI-resistant lines, as well as microRNAs that are differentially expressed between AI-resistant lines (Table S1) .
Little is known about microRNAs and their role in endocrine therapy resistance. Previous reports have shown miR-221/222 to play a role in tamoxifen-resistance, though these studies implicate two different microRNA targets p27
Kip1 [38] and ERa [39] that are negatively regulated at the protein level. Expression of miR-221/222 was not significantly deregulated in comparison to control MCF- Fig. 4 Loss of sensitivity to the growth inhibitory effects of TGFb in the T ? LET R lines. Dose response proliferation studies with TGFb1 in the parental MCF-7aro (a) and T ? LET R lines (b). For statistical analysis, Student's t-test compared treatment conditions to media control, with * indicating statistical significance at a P value \ 0.05. c Luciferase assays were performed using a SMAD 2/3 luciferase reporter, containing the CAGA consensus SMAD binding site, co-transfected with a control pRL-CMV renilla reporter.
For statistical analysis, Student's t-test compared treatment conditions to media control, with ** indicating statistical significance at a P value \ 0.01. d Western analysis was carried out to determine total protein expression of TGFbR1, in comparison to b-actin protein expression in the MCF-7aro and T ? LET R lines. e Activation of SMAD2 by phosphorylation of serine residues 465/467 was detected by western analysis. Levels of phospho-SMAD2 were compared to total SMAD2 and b-actin 7aro expression by our microarray analysis, but several microRNAs were deregulated in our T ? TAM R lines (Table S1 ). Of relevance to the above studies, the T ? TAM R cells from our laboratory were generated by long-term selection with hormone plus tamoxifen, generating cells that have acquired resistance to tamoxifen. Cells from the two reported studies were generated either without ligand [38] or are actually tamoxifen-sensitive cells that were rendered resistant to tamoxifen after microRNA overexpression [39] .
To date, the TGFb signaling pathway has not been implicated in AI-resistance, though reports have shown a role for TGFb in tamoxifen-resistance [33, 34] . Our data suggests that the T ? LET R lines may have lost sensitivity to the growth inhibitory effect of TGFb, which remains intact in the parental MCF-7aro cells. This loss of response to TGFb1 is proposed to be a result of hsa-miR128a regulation of TGFbR1 expression. This was confirmed by western analysis that showed loss of TGFbR1 expression in response to pre-miR-128a transfection and luciferase assays indicating response when a wild-type miR-128a binding site reporter is used.
Foekens et al. [40] reported 249 microRNAs identified in 38 ER? lymph node negative breast cancer patient Fig. 5 Human miR-128a targets TGFbR1 at the 3 0 UTR. a Expression of miR-128a was detected by real-time PCR, relative to U6 RNA expression, after pre-miR-128a mimic or negative control (NC) transfection. Student's t-test compared NC and pre-miR-128a transfected cells, with ** indicating statistical significance at a P value \ 0.01. b Post NC or pre-miR-128a transient transfection, TGFbR1 mRNA expression was detected by real-time PCR analysis, relative to the b-actin housekeeping gene. c Transfection of the NC or pre-miR-128a mimic was performed and T ? LET R cells were harvested for western analysis to detect total TGFbR1 and total SMAD2 expression levels. Quantified western blots of three independent experiments are shown, with * indicating statistical significance using Student's t-test at a P value \ 0.05. d-e WT and MT luciferase constructs containing the putative miR-128a target binding site within the 3 0 UTR of the TGFbR1 were co-transfected with the NC or pre-miR-128a mimic into MCF-7aro (d) and T ? LET R (e) cells. For statistical analysis, Student's t-test compared pre-miR-128a with NC transfected cells in 5d and 5e, with ** indicating statistical significance at a P value \ 0.01 samples. This study was able to identify a subset of microRNAs that was significantly associated with an ER? luminal signature. Of interest to our study, these ER? luminal microRNAs were correlated with microRNAs in clusters A, B, and C from our bioinformatic analysis (Fig. 1) , suggesting the microRNAs identified by our in vitro analysis also correlate with microRNAs observed in breast cancer samples. Foekens et al. [40] also determined that four microRNAs are associated with breast cancer aggressiveness, miR-7, miR-210, miR-516-3p, and miR-128a, as seen by Kaplan-Meier survival plots. With the exception of miR-516-3p, the three other microRNAs were found in cluster C of our data (Fig. 1) , and we have implicated miR-128a in letrozole-resistance. This correlation further substantiates our in vitro analysis and possibly suggests that up-regulation of ''aggressive'' miR-128a expression in hormone-dependent breast cancer could accelerate letrozole-resistance/estrogen-independence. This idea requires further confirmation in breast tumor specimens, though we are currently limited to confirming our results with published studies regarding miR-128a in ''aggressive'' breast cancers. Information regarding AI-resistance mechanisms is still limited to cell line and animal models, due to a lack of ''acquired'' AI-resistant breast cancer patient tumors.
Blenkiron et al. [41] reported on 133 microRNAs identified in 93 primary breast tumors, 5 normal breast samples, and 21 breast cancer cell lines. This study elegantly correlated microRNA expression with breast cancer subtypes, luminal A/B, basal-like, HER2?, and normal-like. An ER? (luminal A and B) microRNA signature was published in this study [41] , and similar to Foekens et al. the ER? luminal microRNAs are found only in clusters A, B, and C of our analysis. We could not correlate cluster D from our study with an ER? luminal mRNA signature from the Foekens et al. [40] or Blenkiron et al. [41] studies. Closer examination of this group of microRNAs is needed, as they may play a very unique role in endocrine therapy resistance, which may be independent of ER signaling.
Analysis of clusters A, B, and C from our study was expanded, which subsequently identified 86% of the hormone-responsive microRNAs within cluster C, and the remaining 14% within cluster B. Of the microRNAs identified by our microarray analysis, the miR-17-92 cluster was identified to be hormone-responsive. Similar to our study, the miR-17-92 cluster was also recently reported to be regulated by estrogen [42] . The hormone-responsive microRNAs identified by our microarray analysis were correlated and matched with 30% of predicted hormoneresponsive microRNAs reported by Creighton et al. [43] . A Fig. 6 Anti-miR-128a transfection sensitizes T ? LET R lines to the growth inhibitory effects of TGFb. a Transient transfection of antimiR-128a inhibitor versus NC was performed to determine expression of miR-128a by real-time PCR, relative to U6 expression. Student's ttest compared NC and anti-miR-128a transfected cells, with ** indicating statistical significance at a P value \ 0.01. b Expression of TGFbR1 was quantified using real-time PCR, after transient transfection of NC or anti-miR-128a inhibitor. c Transient transfection of NC or anti-miR-128a inhibitor was performed at concentrations of 10, 30, and 50 nM and all conditions were treated with 1 ng/ ml TGFb1 for 5 days. MTT assays for cell viability were performed in the MCF-7aro and T ? LET R lines. For statistical analysis, Student's t-test compared anti-miR-128a with NC transfected cells in 6c, with * indicating statistical significance at a P value \ 0.05 study was recently published by Bhat-Nakshatri et al. that compared microRNA expression in the MCF-7 vector transfected cells and MCF-7/AKT overexpressing lines treated with E2. Though this system is not identical to our own, we were able to correlate 5 of the 21 E2-induced microRNAs to our own hormone-responsive microRNA list, let-7g, let-7i, miR-200a, mir-103, miR-107 [44] .
It is believed that hormone-dependent breast cancer cells utilize the transcriptional program of ER for transactivation of genes involved in survival and proliferation. It may be possible that in addition to alterations in estrogen-responsive gene expression, microRNAs could simultaneously achieve a secondary level of post-transcriptional regulation of pathways implicated in breast cancer and resistance to endocrine therapy. This study identified a number of hormone-responsive microRNAs as well as microRNAs significantly expressed between the AI, LTEDaro and tamoxifen-resistant lines. Also, miR-128a was identified to play an important role in regulating TGFbR1 expression, leading to compromised growth inhibitory effects of TGFb in letrozole-resistant breast cancer cells. We believe a number of the microRNAs identified in this study could play important roles in modulating acquired resistance to endocrine therapy.
